Mutants of Escherichia coli K-12 defective in the pantothenate permease (panF) were isolated and characterized. The panF mutation resulted in the complete loss of pantothenate uptake and of the ibility to use extracellular vitamin for growth. The growth phenotypes of panF panD, panF panB, and panF panC double mutants showed that the cytoplasmic membrane was impermeable to external pantothenate. Anaiysis of the intracellular and extracellular metabolites from strain DV1 (panF panD) labeled with P- [3-H]alanine demonstrated that a carrier-mediated mechanism for efficient paptothenate efflux remained in the panF mutant. Genetic mapping of this nonselectable allele was facilitated by the isolation of three independent TnlO insertions close to panF. Two-and three-factor crosses located panF at minute 72 of the E. coli chromosome and established the gene order fabE panF aroE.
The vitamin pantothenate is the precursor of the predominant acyl group carriers in living systems, coenzyme A (CoA) and acyl carrier protein (1) . The phosphorylation of pantothenate is the initial step in the formation of CoA (6) (Fig. 1) , and results of in vivo experiments with Escherichia coli have shown that the cellular CoA coptent is controlled at this step (12, 13) . The activity of the enzyme pantothenate kinase is probably under negative feedback regulation by CoA or one of its thioesters (2, 11, 15, 21) , and the pantothenate that is not phosphorylated by the kinase is excreted into the medium (12, 13) . Approximately 15-fold more pantothenate is exported from the cell than is used for CoA biosynthesis (12) , illustrating the physiological importance of pantothenate transport. E. coli has a membranebound permease specific for pantothenate that is coupled to the membrane electrochemical gradient by a sodium ion cotransport mechanism (23) . In this study we tested the role of the pantothenate permease in the regulatory system that governs the intracellular CoA concentration by isolating and characterizing mutant strains lacking pantothenate uptake ability. Ci/mol), L-[U-14C]glutamine (specific activity, 263 Ci/mol), and L-[U-14C]proline (specific activity, 273 Ci/mol) (New England Nuclear Corp.); P-alanine, D-pantothenic acid, D-pantoyl lactone, ampicillin, chloramphenicol, chlortetracycline hydrochloride, naladixic acid, streptomycin sulfate, tetracycline hydrochloride, and ethylmethanesulfonic acid (Sigrma Chemnical Co.); and DE81 filter circles (Whatman Laboratory Products, Inc.). Sodium D-pantoate was prepared from D-pantoyl lactone by autoclaving with a 1.1:1 stoichiometric ratio of NaOH (17) . All other chemicals were obtained through commercial sources and were reagent grade. Strains harboring mutations with established map positions in the 70-to 74-min region of the E. coli chromosome (Table 1) were transduced with P1 phage stocks grown on strains DV6, DV9, DV12, and SJ16 (unlinked control) to determine the linkage of each TnWO insertion to the markers in this region. Cotransduction frequencies were determined by selecting TnlO and scoring the established marker, and from the reciprocal cross. Recombinants were scored directly for panF in panD derivatives of these strains (Table  1) . Three-factor crosses were performed to define the orientation of panF with each of the three transposon insertions and with the fabE and aroE loci. Selections in these crosses were for either TnWO or the established marker in a panD background, and panF and the other unselected marker were scored.
MATERIALS AND METHODS

Chemicals
Growth studies. All growth studies were done at 37°C. Overnight cultures of strains DV1 (panF) and SJ16 (panF+) grown in minimal medium E containing glucose, methionine, and 10 ,uM P-alanine were washed and subcultured in medium minus ,-alanine to deplete the CoA pool (12) . CoA-depleted cells were suspended to 5 x 107 cells per ml in fresh growth medium containing the indicated concentration of P-alanine or pantothenate, and cell number was tnonitored with a Klett-Summerson colorimeter with a blue filter. The colorimeter was calibrated by determining the number of CFU/ml in the range of colorimeter readings encountered.
Pantothenate transport assays. Transport assays were performed as described previously (23) The cell pellets were washed twice with medium E and stored separately from the media samples at -20°C. ,-[3-3H]alanine metabolites were extracted from the cells as described previously (12) . Both the cell extracts and the media samples were treated with 1 mM dithiothreitol to convert thioesters and disulfides to free sulfhydryl forms and analyzed by thin-layer chromatography on silica gel H plates developed with either ethanol-28% ammonium hydroxide pantothenate for growth after mutagenesis of strain SJ16 (panD). The panD mutation allowed counterselection of 0 pantothenate metabolism mutants in the presence of the pantothenate precursor ,-alanine. The intracellular CoA pool was depressed to 10% the normal value by using a low (1 ,M) concentration of ,-alanine in the nonselective medium (12), thus preventing residual growth of panF mutants during ampicillin selection. The growth of strain DV1 (panFl) resembled that of the wild-type strain SJ16 in minimal medium supplemented with ,-alanine, but strain DV1 was defective in pantothenate utilization (Fig. 2) . CoA-depleted cells of strain DV1 were unable to grow in minimal medium containing 1 ,uM pantothenate, whereas strain SJ16 grew with a doubling time of less than 1 h (Fig.  2A) . Both strains grew with a doubling time of approximately 1 h in minimal medium containing 1 p.M P-alanine t 2 ( Fig. 2A) Biochemical characterization of strain DV1 (panFl). Pantothenate uptake by an exponentially growing culture of strain DV1 was compared with that of strain SJ16. No pantothenate uptake activity by strain DV1 was detected with 10 ,uM pantothenate, whereas the pantothenate permease of strain SJ16 exhibited maximum activity at this concentration (23) (Fig. 3 (Table 2) . Transductions with strain DV11 as the donor established the orders zhc-9: :TnJO panF aroE and zhc-9::TnJO fabE panF ( Table 2 ). The orders panF zhc-12: :TnJO aroE andfabE panF zhc-12: :TnJO were determined with phage P1 grown on strain DV14 ( Table 2 ). The data from these five three-factor crosses with the TnOO insertions were consistent with the clockwise gene order fabE panF aroE. We confirmed this arrangement by crossing strain DV46 with strain SJ100 (Table 2 ). The positions of panF and the three TnOO insertions on the current E. coli genetic map (3) are summarized in Fig. 4 . P-Alanine metabolism by strain DV1. P-Alanine-derived metabolites were uniformly labeled in CoA-depleted cultures, and cell pellets and media samples from stationaryphase cultures were analyzed by thin-layer chromatography (12, 13) . CoA was the predominant intracellular metabolite (Table 3) . Strains DV1 and SJ16 had a similar CoA content when labeled with 16 ,uM or higher concentrations of 3-alanine (Table 3) . However, the strains differed in the amount of P-alanine supplement required to saturate the CoA pool. This difference was greatest with an 8 ,uM P-alanine supplement which yielded the maximum CoA concentration in strain SJ16 (12) but only 60% of the maximum concentration in strain DV1 ( Table 3 ). The intracellular label that was incorporated into the 4'-phosphopantetheine prosthetic group of acyl carrier protein comprised 10 to 15% of the total and fluctuated with the CoA concentration (data not shown). Trace amounts of intracellular 4'-phosphopantetheine and pantothenate were found in both strains (data not shown).
[3-3H]pantothenate was the predominant labeled metabolite found in the media of stationary-phase cultures of both strains DV1 and SJ16 ( Table 3 ), illustrating that the panF defect did not block pantothenate efflux. The media of strain DV1 contained as much as a 3.5-fold higher concentration of pantothenate compared with media of strain SJ16, even when intracellular CoA was depressed (Table 3) . Less 4'-phosphopantetheine was present in the media of strain DV1 than the media of strain SJ16, and P-[3-3H]alanine was not present in either case (data not shown). When samples were removed and analyzed throughout the exponential growth phase and into the early stationary growth phase, pantothenate was again found in the media of strain DV1 in higher concentrations than in the media of strain SJ16 (data not shown), suggesting that the panF mutation increased the net rate of pantothenate efflux by specifically blocking pantothenate uptake during the later stages of exponential growth.
Growth phenotypes of panF panB, panF panC, and panF panD double mutants. The zhc-12::TnJO insertion was used to place panF into panB, panC, and panD ( Fig. 1 ) derivatives of strain UB1005 and strain AT1371 (panC) to test for the presence of a low-affinity pantothenate transport system. Transduction of strain DV5 (panD) with P1 phage grown on strain DV14 (panFl zhc-12::TnJO) resulted in approximately 80% cotransduction between zhc-12::TnJO and panF whether the selection medium contained ,-alanine (1 FM) or pantothenate (100 ,uM) ( Table 4) . A similar linkage between panF and the TnOO insertion was obtained by crossing strain DV33 (panB) with the same phage lysate when the selection medium contained pantoate (100 ,uM); however, no panF panB colonies were obtained when the medium contained 100 puM pantothenate (Table 4) . Likewise, panF panC colonies were not obtained from transductions of strains DV41 and AT1371 (Table 4) and by selection on 100 ,uM pantothenate. Growth of panD panF strains on 100 ,uM pantothenate was attributed to their ability to efficiently use ,B-alanine produced by the breakdown of pantothenate. The susceptibility of pantothenate to hydrolysis is well known (10) , and panD strains are capable of growing to stationary phase on as little as 0.5 FM P-alanine (9), whereas this concentration E. coli has a membrane-bound transport system specific for pantothenate uptake (23) . The transport constant of the permease for pantothenate is 0.4 ,uM (23) . The concentration of pantothenate from the medium is driven by the membrane electrochemical gradient by a sodium ion cotransport mechanism (23) . Expression of the permease is not affected by the amount of pantothenate in the medium or the ability of the cell to synthesize pantothenate (23) . The panF mutation resulted in a complete loss of the pantothenate permease activity. Pantothenate auxotrophs harboring the panF allele were unable to assimilate pantothenate from the medium (Fig. 3) or use the vitamin for growth (Fig. 2 and Table 4 ). Phosphorylation and subsequent metabolism of pantothenate were not defective as illustrated by the absence of a pantothenate kinase defect and by growth ofpanF strains on the pantothenate precursors, P-alanine or pantoate ( Fig. 2 and Table 4 ). The inability of panF panB and panF panC double mutants to grow in the presence of high concentrations (100 puM) of pantothenate indicates that pantothenate uptake by passive diffusion is negligible (Table 4) .
The panF gene was localized at minute 72 of the E. coli chromosome (Fig. 4) . The mapping of the nonselectable panF allele was facilitated by isolating three TnJO insertions near the panF locus. Two-and three-factor crosses established the positions of the TnJO insertions and the gene order fabE panF aroE (Table 2 and Fig. 4) . In addition to panF, two phenotypically silent markers are present between fabE and aroE (3) . The rRNA operon rrnD is closely linked to aroE on segments carried by AdaroE phages (14) . The prmA gene (ribosomal protein Lii methylation) cotransduces 30% with aroE and 8% with rpsL (8) , and therefore it appears to be closer to these markers than panF. These reports suggest the gene order fabE panF prmA rrnD aroE. The panF locus is removed from the genes that encode the enzymes of pantothenate synthesis, panB, panC, and panD, clustered at minute 3 of the E. coli chromosome (9) .
Control over CoA biosynthesis in E. coli is governed by the activity of pantothenate kinase coupled with pantothenate transport (12, 13) (Fig. 1) . Because E. coli produces 15 times more pantothenate than is converted to CoA, pantothenate efflux is essential to the regulation of CoA biosynthesis (12, 13 (Table 4) demonstrate the impermeability of the membrane to external pantothenate. However, the panF defect caused less-efficient conversion of P-alanine to CoA and enhanced the production of extracellular pantothenate ( Table 3 ), demonstrating that pantothenate efflux is an effective competitor with pantothenate kinase for the intracellular vitamin. Since the pantothenate permease likely catalyzes bidirectional transport of pantothenate, one explanation for the panF phenotype is that all three independently isolated panF strains contain rare missense mutations that block the entry reaction but not the exit reaction of the permease. Alternatively, a separate carrier may catalyze pantothenate efflux. The isolation of panF strains that lack the competing uptake system will facilitate the future study of the pantothenate efflux mechanism.
